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In the range tested, for equal pmer the shrouaed propeller 
produced appr0-te.u twice as muchx&a%t;ic thrust 88 the unshrouded 
propeller chiefly 3acause the unahrouded propeLler was etalled while 
the shrouded propeller was w t a l l e d .  VariatfoIlls of shroud length: 
and exit area had little eff0c.t; on the static thsuat of the shrouded 
propeller. 

In recent years the controllpble-pitch prqeUer has come t o  
be used on all but the smalleat of propeller-driven aircraft. Sor 
sone future applicatiCmS, however, a controllable-pitch propeller may 
not be feasible for mechanical reasom, as in the cam of a proposed 
gas turbine. The use of a fixed-pitch progeller entails a.decreass 
in tEtke-off and clim'b performance because the ffxed-pitch propeller 
will be at least p.*lal ly  stal led at low forward speeds. As the 
forward speed range over which the propeller muat  operate fe increased, 
the tendency of the fixftd"p1tch propeU.er .to s ta l l  at low speeds 
beccrmee more pronounced since the blade angle is also increased, 

Improvement in take-off performance may' possIbly be obtained 
with a propeller operating in a shroud (a fixed.r- encircling the 
propeller) . The purpose of this shroud i e J  f *st, to fncrease the 
inflow at the propeller diec at the taketsff conditioa,:thereby i:  
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decreasing the angle of attack of the blade-section  elements t o  an 
angle a t  which the blades are no longer etalled and, eecond, t o  
increase  the  croes-sectional  area & the slipstream. 

The present r e p k t  preaents s t a t i c   t e s t  data for two high- 
sol idity,  dual-rotating propellers of different deaign, one 
shrouded and the other urrrjhrouded. 'The t es te  were made over a 
range of blade angle8 and t i p  Mach numbern. In the  case of the 
ehrouded propeller, three shrouds of different lengthe and ra t ios  
of ahroud exit area t o  area a t  the propeller plane were tested. 
The thruat on the ehroude was measured as well as the  thrust and 
tarque acting on each component of the dual-rotating propellere. 

Further  informatton on elirouded propellere may be O b t 8 i ~ ~ d  
from.a Gemaan.regort (rofbrence 1) which includes both s t a t i c  and 
wind-tunnel tes ta .  Static'tests of-shrouded propellers with three 
and f our blades ?e given in reference 2, 
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SYMBOLS 

. .. 
The symbols wed are 'a8 fdllows: 

propeller tip.Mach rrumber ' 

propeller t i p  radfw, feet  

. .  

: . . 

station  radiu8,  feet 

radial station .(r/k) 
. .  

. .  

propeller diambter, feet 

propeller rotational speed, revolutiozm ger lainUte 
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. . . . .  6 shroud > .  

o station far ahead of propeller 
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Dmamter . -  Tho dynamwmeter oonaisted of two separate* 

driving units, one for each oomponent of the dual-rotating propeller, 
suspended f r a m  8 supporting framework by atreamlined strute. Within 
the f ixed  outer casing of each unit were two directly coupled 
2W"horsepower fnductlon matoye. ,The outer housings of these 
motora were mounted in large'ball  bearings to peat rotation of 
the housings under torque. Thew bearwe ran on tracks t o  permit 
l ong i tud ina l  movement of the motors under thruet. The motors of 
each unit were connected by two ver t i ca l  arms extending through 
the support etruta to a cantilever thrust epring and a torque 
spring located at  the top of each eupport strut. The dpmcmter 
motors were restrained by these e p r i ~ .  The def lect ions  of the 
agrings due to thrust end torque loeds were traaemitted,by seleyn 
motors %o the mrby  control house. 

Shroude.- The fir& step In the design of the shrouds wa6 to 
make an analysis of the shrouded propeller performance to determine 
w h a t  ideal efficfency could be obtained fran a propller-ehroud 
cambination at the design condition. Thie analysis wa8 baaed on 
the single mumenturn theory, which aseumes that the flow is incab" 
pressible and frictionlees. The further assumption is made that 
the statio pressure of the air  leaving the shroud exit has reached 
f'rea-stream pressure. Equating th& total pressure juet behind the 
propeller to that at the shroud exit ,  

e 

From the simple mamentun theory, the ideal  efficiency, 
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Velocity;- miles per h o u r '  1- . . . . . . . . . . . .  ; . . . . . . .  ..:. 250 
Horsepmer . . . . . . . . . . . . . . . . . .  ,. .:*. . . . . . . . . .  3440 
Rotatibnal: speed, revolution& per minute ' S . ' i  . . . . . . . . . . . .  1Boo 
Propeller  diameter, 'e& . . . . . . . . . . . . . . . . . . . .  , . I  ' , .  8 
AltStude . . . . . . . . . . . . . . . . . . . . . . . . .  Sea level 

.. * .  ,. -.. 
. .  . .  

. I .  

. . . .  

The resul ts  of t h i s  analysis &re ehown in figure 4. The 
figure al.!3o'showe the effect of the shroud area- ra t io  on the axial 
veloc5ty.h the propeller plane; and on the t l p  Mach number of the 

the  propeller plane resu~is in an .increase in ideas efficiency 
because the- exit velckity l e  lowered. However, the 'axial velocity 
t h r o w  the  propeller is at the erne tige. increased, which results 

arb i t ra r i ly  chosen for the first shroud 88 a ccmpomise between the 
factors of ideal efficiency and ccappreseibility losses. Thie area 
r a t i o  p'erPlitted the uae of a reamxiably short shroud length with 
an expansion an4310 8 09 '70 tm m u r e  a good diffuser efficiency. 
The shroud 13088' section was. obtaiued by eelectiqg an 'arbitrary 
mean l ine and laying out the ordinates for an ellipse along peqen- 
dicuLsrs t o  this mean . m e  .- Thie 'olriginal nose was modTffed at the 
s t a r t  of the t e s t  to minjmiza separation of the flow From the shroud 
nose by increasing the radius of curvature of the  inner.surface of 
the nose. This shroud was termed the short cruise shroud. 

.' propeller.  Ixkreasing the ratio of shroud exi t  area to area: a t  

. i n  a higher prbpeller t i p  Mach'number. An area r a t i o  of 1.1 was 

Two addition& shroud8 were designed with the area r a t i o  S S 
' .  increased to a value of 1.3. The first of these, the short take-o 3%! 

shroud, was identical with the .short crmise shroud except for the 
greater  area ratio and greater diffuser angle. It simulated the 
cruise shroud with f l a p s  open for take-off, the diffuser expansion 
angle being =.bo, The second take-off shroud m e  of longer diffuser 
length t o  decrease the expamion angle to a value of 14.4 . Ordinates 
for the longitudinal eections o f ' t h e  shrouds with the.modified nose 
are  given in table I and. the sections are shown in figme 5 .  

TLe shroude were r igidly cmstructed'of wood and steel and were 
fixed t o  the d v t e r  'casing by four streamline struts. In  
additlon, wire bracing  parallel t o  t h e  propeller plane proved 
necessary t o  prevent serious  vibration of the shroud. For the 
purpose of determining the ~hrou& thrust, each. shroud was f i t t e d  
with 37 static-pressure orifices dirnibuted along the chord over 
the inner and outer surfaces a t  the bottm of the shroud. The 

i preesure leads were led out twough a tube a t  the top of the sbroud 

*a . bf the ehroud thrufl'cj..,electric&l :strain gages: were faetened to the 

- t o  the rear dynamometer supp0r.b s t ru t  and .thence to a multfple-tube 
rimnometer located In. %he contr@.L'house. For an independent check 

shroud susport ,&rut .Sit%hgs;'at the poknts of: atbckrment. t o  -e 
dynamometer Ca8ing. 
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The unshroudsd p~opeIler was &de up of blades which originally 
. were designed a8 a two-blade prupeller t o  provide inininnun induced 

loeses with 'a blade angle of 45O' et the  0.m stat lon.  A t  the 0.p 
,s tatim the deaignl i f t  coefficient OF th i s  blade was 0 . 3 ,  the ratio 

- :  . of bla'rtedection chord. to diameter was O . O a ,  aftd the maximum thick- 
ness .ratio m a  0.08: Both the shrouded and unshroud6id propeLlers 

. .inc,orporated the NACA 16"mrfe&, high-criticaldpeed airfoil eectiom 
?: ; (reference 4 ) .  . a ' .  

I . .  
.. . . . . The model shrouded propeller' wae 48 inches in iliameter and the 
clBar&nce. between the propeller tips and the shrouif. waa approximately 

.. . TESTS 

' .  
... A t  ' 8  given rots.tional speed,, &adlnga were taken of the thrust 
arid torque of e8Ch cmponent of the dual-ruktlng propeller8 aad, 
in'the c a m  of the shrouded prw,eUer, a straillrgage reading "e 
taken -and the mutiple-tube manmeter m e  photographed. These 
readings were made at- 8e:veral values of .propeller rotat ional  %peed 
up to a.maxlrmun and.in acme case8 repeated while decreaeing the 
rotiitioaal apead. 

. .  
. *  

.I . .  . .  
. .  

. The t e s t s  ,were d d e  with- the .front and rear propellera set at 
equal blad0"angles. The unshroud& propeller, t e&s  co.9'ered a blade- 
angle. range f ' r c p n .  15O to 40° in jq incrernen$e, the blade" angle being 
meaeured at tho 0. station. The shrouded .propeller . . teste . .  . were 

.*. 



A s  a check on the axtal velocity .dietz2bu%don. within the 
.:shroud, a run was mde with a rake of t o t a l  presswe ana static 
tubee plaoed ahead of the propellers and then placed behind the 
propeUers. T h i s  was done for the short cruise shroud with the 
fro& and rear propellers set a% a blade of 40°. 

The four d-ter motore were driven by a aingle 
100046rsepower  mtor"&enerator s e t .  Since the power aBsarbed 
by the two acgnponents of the  dual-rotating propellers wae nut 
equal, there waa a small difference in their rotational speed 
equal t o  ths difference in slip of the front and rear motore. 
In the worst case thie difference mounted t o  4.8 percent of the 

. .  . -  f ront  propeller rotationetl speed. . -  
Tests were run only when the w i n d  velocity was less than 

6 miles per hour. %hie  velocity w m  determined by a vane-type 
anemometer. 

.. ~~~0~ OF DATA - .  
. .  

. .  The data have been reduced to thrust ahd' power coefficients 
for each canpomnt of the dual-rotating propellers. The reduction 
of ths data' ha6 been p e r f q d ,  a8 f a r  a8 possible,, t o  apply t o  

' the cam of a prqeller with both components oper&.ing at equal 
rotational speeds J that is, the ooefficiants. of the f ront .  and 
rear canponente have been based on the rotational .speed. af the 
front and rear cqonents ,  respectively. The tip Mach numbers of 
the  front and rear components h v e  been based cmly Gn the rotatfonal 
epeed of their reepeztive canponents. 

The measured etat ic  preseurea 021 the shroud were reduced to a 
preesure coefficient C based on the ro+tional speed of the 
front propeller. A typycal -&md preeeure distribution l e  ehown 
in figure 8 plottea ag8-t percent chord. The ehroud thrust 
coefficient Rs wae deterniineb. by the .eguat$on 

". ., . .I , . .. 
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Action of shroud.- W.Sth t h e .  ehrouded propeller m t ? q  a t  

. static  conditions,   air  i a  d m w n  into the fzont of the shroud frm 
directions. * The t n . i O E l ;  Khroird 8 prBR8We ..distributi,Ons shown 

in figure 8 indicate ..that: thb a i r  ,flowe. forward along the outside 
.of %he sbxoud and t w e  into. the eboud,'following %he nbab contour. 
It is evident that a low pressure'end high veloc.Yty a r o  reached a t  
the nose which accounts for a large par t  of the e b o u d  thrust. The 
shroud thereby asswea  .part  &.the  propeller  thrust ao that the 
force in the propeuer . ahaf t  is n0t.a: true mea~we of.;t;he .thrust 
of the unit. The total thrust  is then the aum ofrthe propeller 
shaft thrust  and shroud thrust. 

. .  " 

A t  .'low propeller r.otatlo-1 speeds the flow separates from 
. . the  ahroud.at the..leading .edge. Operation la thrls cohditfon is 
, .rough and accnmpanied. by -much noiee, AB the propeller epeed. I s  
. , I .  'increased, the flow sudcienly -.bac~mes uhsegarated a t . t h e  zlo~e, 

resulting in emooth,,:quiet.operation and much h i m r  shroud thruat.  
T h i s  occurs a t   t i p  Mach Iultnbers from 043 t9l0.45, depending on the 
blade angle and shroud configuration. Comparison of shroud pressure 
distributions for the m e p a r a t e d  f low and separated flow conditions 
shows that they differ'.only in that Ohe low+mxmrrs region a t  the 
no88 is lost in the  separated flow condition. The shroud thrust 
in the separated flow condition is then only about half that obtained 

' wlth t he  .flow not separated Pram %ha shroud. 
a .  ' ' e  . I. . .  

. Results and comparison of  propeller^.^ The basic data for the 
. . WhrouQed propeller are shown in' figures 9 and LO, while  those 

for. the ahrouded prbpeller are ahown in figures 11 t o  1.6. The 
.coefficients  for the front and rem. propelbrca: are shown plotted 

. , a,gainst:their  respective t i p  Mach nwnbers. , .No data . a m  .presentad 
! * ,  for: the shroud with flow soparated:;,The results show that, with 

increasing blade angle, the front componemt;of the imehrouded 
propeller stalls earlier than the rear camponent. . . .. .: . ,. . . .  -.  . , 

.The shroud. thrust presenteb in. the. figure'e .m obtained from 
. . I .... 

prebsuzte heasurements . . ;TBls. thrhet rspesents. an upper limit which 
probably could; not be attained. in practice for .it does not' include 
skin-friction.drag.and euppert-atrut drag and Jntarferenc@. Check 

I 

. .  



The ahrauded and wlshrouited propellors can beet be compared 
, .. 

on an equal pawer-coefffcient basie. Figure 17 shows the ra t io  
of total t h a t  coefficbnt to total power coefficient plotted 
agalnst total  power coefficleat for the mlahrouded propeller and 
for the shrouded propeller with the throe shrouds tested. In the 
range tested, fur equal power the shrouded propeller produced more 

o h i d l y  because the unsbrouded propeller WBB s t a l l e d  while the 
shrouded propell& waf3 metal led.  Some improvement in the unahrouded 
propeller could.be expcted if the blade section deaign Lift coef- 
ficients were higher. 

. than twlice as much static thrust &a the unalarouded propelhr 

Variations ~ . f  ahrout3 length and ratio of shroud exit am8 t o  
area at the propeller plane had l i t t l e  efOect on the static tbmst 
coefficient of the shrouded propeller for a constant power coef- . 
f ic lent .  However, thts result could not be expected to hold for 

I very short shrouds, 

fncreaa- the ratio & shroud exit &ea to area at  the 
propeller plane tended .to decrease slightly the power coeffioient 
at a given blade angle because the inflow veloci ty  increased. The 
effect was greatest at the highest blade angle tested but even at 
this point the power coefficient decreased only about 10 percent. 

The contraction. of the Jet is 8uch that 



P = Lv42 =I *43 
2 . .  

. .  

)3 . . . ,  

.. 

. :  

. .  
The power absorbed by the  propeller is converted Into kinetic 

energs in the fink1 jet BO that 
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'EqWtio?i (3) 'i&icate& ,thaF'thb iq&cjiid$i &opdller can be .' 

made greatly auperiar' to the imshrouded by the use of' a 'large . 
shroud exit area whose function fs to increase tke mcanentum for 
a given power. The ideel thsq&Lcal .~alues,  of thrust have been 

and f o r  the model sbrouded'pro$eller with. t he  s h o e  ta'ke-off ehrdtid 
and the short cruise shroud. The ids61 thrust is ahown in figures 18 

is also plotted for caparisqn. 3f.w. the unshrmded propeller, the 
curves show that in the higher blade angle range the static thrmst 
is f a r  below the ideal value because most of the blade is stalled. 
The shrouded .propeller, hwewr,, pToaucee ,thrust very c&oee to 
the ideal value beS&use .the higher :veioci%y through'the. .propeU8r 
disk permft8 the bl.k@es : to 'r+h . M t a l i e d .  .' The thrust' of the 
propeller w i t h  the t&ir&ff Shroud does. not appr&ch its 'fdeel 
value a?. c lose ly  a? .does the,gra-pller. with the crutse el?roud. 
This- is  probably- the 1 .  result,:b~"t~e'.iar~eitl .. . diffhei:  angle 'of 'thb 
take-off shroud. 

- - cuusuted by the &ow, e.quatfoii8 'the unshrouded propeller 

" to 20 plotted aggtinst horsepower and the experimental total thrust 

. . .  . ,. . 
" 

e. ' ' .  . 



'behind the propeller. The meaeuremnte are only approximate 
since the conetructlan of the rake was rough and the tubes were 
mounted In an axial direction. 

co~crxxsIows 

Static   tests  of unshrouded. and shrouded dual-rotating 
propellers Indicate the following concluslone: 

1. In the f-ange tested, for equal power the shrouded 
propeller produced approximately twice as much static  thrust 
ae the unshrouded propeller chiefly because the unshrouded 
propeller wea e t s l l e d  while the shrouded propeller was unstalled. 

2. In the range tested, t-ariatiom of shroud length and 
ratio of shroud exit area t o  area at the propeller plane had 
I f t t b  effect on the static t b m t  of the shrouded prope-r. 

1. K-r, W ,:, Windkanalmessun@~en und Bechnungen zum Problem 
der umnantelten Luftschmube . Forschungsbericht N r s  1949, 
Deutsche Luftfahrtf orschung (Giittingen) , 1944; 

2. Regenecheit, €3. : S.t-wjldachubmaas~ngen an zwei ,urnmantelten 
LMtschrauben. u" Nr. 681, Deuteche Luftfahrtforsdhung 
(cattingen) , 1942 . 

i . ,  I b .  . . ' , 3 .  Glauert, E,: A i r p l a n e  Propellers. WifidmiIls and.F%n8. 
.. Vol. fV of h r o m c  Theoq, 'dip. L; ch. H , BBC* 6 ,  W. F. D u r a n d ,  ea., Julius Springer (Be'i-lin) , 1935, ' 

PP 9 338-341 . i  

'* 4. 6th~; John: Tests of Airf'olls Designed t o  Delay the 
, .  . . .  . Cmpressibility Burble'. M O A  Rep. No. 763, 1943 , 
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Figure 1. - Static test setup with unshrouded propeller. 
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Figure 2.- Static test setup with shrouded propeller. 
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f / g u r e  5.- Shroud fo rms T e s t e d .  
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